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GET ATTENUATION DATA FROM THE
ANNULAR RECONSTRUCTION REGION
OF THE ITEM OF INTEREST -

e . 54
CONVOLVE THE ATTENUATION DATA
WITH AN APPROPRIATE KERNEL

()

i — . /56
FORM THE POLAR RECONSTRUCTION GRID OVER |
THE RECONSTRUCTION REGION OF THE OBJECT

758 |

BACKPROJECT THE FILTERED ANNULAR -
ATTENUATION DATA ONTO THE POLAR
RECONSTRUCTION GRID

NORMALIZE THE BACKPROJECTED DATA

OUTPUT THE DATA FROM THE POLAR GRID
AS A RECTANGULAR ARRAY OF FIXELS

(i.e. THE RECONSTRUCTED IMAGE OF THE

OBJECT’S ANNULAR SECTION OF INTEREST

FIG. 3
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. ANNULAR COMPUTED TOMOGRAPHY

BACKGROUND OF THE INVENTION

This inveation reisies o the examination of ohicets
wing a system of computed tomopraphy @CT). CT is
ordinarily used to exumite the complete croxs secvian of
xn ohject baing studied, whether or not the entire object
Is of interost. When only s mmnular ring of 1he object is

of interesy, it is #ti]) pecemary 1o weun the entire ohjesy, !

do the cosmpurations vecesmry for the entice objest, and
ignore the cere of the ohjest 21 not af intersst,

U.S. Py1. No. 4,422,177 to Richayrd Mattroxard( st al
{1983) underukes to do CT manning of tnhular objects
such as rocket motors, bot data cencarniog the eatha
crosisection is pravidad in 1 conventions! mayver to a
cempurer for gpparsady conventiona) compotations.

U.8. Pac. No. 4,725,963 w Morriz Taylor et al (1988)
discloses & CT system for inspenting evosssections of
tobmg, but tha sauwning snd computation de not allew
the symen: 1 ignore the core of the tube.

11.8. Pat. No. 4,885,603 10 Kwek €, Trm (1989) dis-
eloscs a CT system for catimmting the outir boundayy oc
hull of an abject, hut the parnoe of this system s ot to
exgmine the periphery of the ohject but 10 Qerermline
the pawition of the discontinuity berween inside und
onlside the objecl,

SUMMARY OF THE INVENTION

It i the ohjéct of the prasent invenrios o pxamine
hollow and solid cylindrica) pbincts io orass-section by
CT scanning. In the preferred use, the cylinarical ob-

mgtars, but any hollow ar solig cylindricel ebject falls
within the imended scope of the ipvention,

in the prafared embodiment of the invention, we
scan with x-rays and detect the anencatian of these
x-rays after they have pessed through only wn annulus,
which may be the outer peripbery ar an intetior anhu-
Tus, of the object of interswt, By then conductng the
ssleulatisnk of backprojection of the CT data in a polar
ro<ndinate system which ignores or normulizes vut uny
tata zoncarping the core of (he abjec! in the normalizad
resonsirocted image, eslculathon dmr can be greatly
shorered over thot required for reconstructias of data
on the entivg cross-seclion of the objest.

Using an equivalent mnnber of projectors and equiva.
leny sampling paramerers, an Anzular Compaied To-
mography {AC1Y reconstruction process provides a
much higher resolucion insge of sa sanular mthet than
a full CT reconstruction. In ACT the same number of

detectors are sampling & smaller cadial esveut. In ACT-

the sams Dambier of regonsttuction grid slemewls tovers
a smaller physical area. ACT, a8 onevparad whh CT,
requires & reduced dota ==1 for equivalent reconstric-
tiom grid szck Since thars can be fswor duis points,
data collestion thme sud compuational time are dguifl-
cantly reduced, Unlike CT, a ACT image can be recon-
structed and displayed well before an entire oljecs in
scanned, A particular recomstruction grid element s
inctuded in only 2 snal} segrient of the dam set needed
for 360° recoasiruction, Once tiat dals is collected, a
complets reconstruction of st grid elscwnt cun be
schieved.

A gluen feature jn mn obdect {3 sammied in every sngy-
Jar view of 1 convantionn CT vysiem. In 3 ACT systam,
B given feature Js only rampled in s small tangential arc.
This small tangentinl arc represents the Bex 3-ray treny-
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missloti contrast for many features, such 1 tockst
moler Case vpbonds. Dther wmplas woukd be taken
through the lk of tie ohject, CT, by wveraging the
bast and WOrit angular orientations of a feature, reduces
the contrast tatofurton of rany features. ACT avoids
thix problam, by wsing ooly duta in the smafl tangential
are.

By displaying ACT reconstrucsiung in & polar coondi-
naie grid {p, &) or (rho, thets), circunrferential feamres
of the olfeot oan be aligned with theit lang axis crossing
raster lines of video Simplay units. This provides an
inereised probability of detection of theae clretsmfarens
Iin! faatures, Navraw features e not logt In the raster
Ines.

BRIEV DESCRIPTION OF THE DRAWINGS

PIG. 1 3 ctoss secriona] view of « cylindricat anject
deing scanned by an z-my scurce and on acSompanying
wrray of detovtary, ’

FIO. 219 n oroas sectional view of the oylindrical
abject, thowing the labels spplicd 10 the difTarent polar
coordinate reglana or voxale

F1G. 34s & Bow chart of the sieps in e procethee of
conducting the scan aad reconstructing the image of an
sutalar aection ¢f the chijncs, which we cal) the recon-
struction ring,

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring 1o FIG. 1, s oylindrical ohject 2, having an
ssemtinily circular cromeestinn and  recomtrustion
ting § of intévest of ourer radius R extending nward 10
b 18d{us 7, is (0 be examined, AR X-1ay source 6 provides
sn x-ruy bexn 8, winch passes through tre complete
width of the recaastrusting ring to be detectad by an
atTiy detocror K0 comprining a lincar arnay of deteators
(1. 2,... N). There 18 an arrangement 1o allow siepwire
relative romtion betwasn the ohject 2 and the path of
a-ray beams 8. This is convenieniiy done In mont in-
stances by rotating tha object in & xepwise fashion on &
turnlable under the control of w stepwire furntable con-
trol 12. The realung s-ray mucnoastion dax fiom the
datagten 50 Jo resonded ar cach prep In 1 data recording
deviea 34, Using techniques discloved below, the back-
projection values for the recorded data are commrted
by backprojection computation 16, and (hen those val-
uer ure normalized 26 diselared below by normalization
computation 18, The resliing normalized backprojec-
tiem values are displayed en an ima e mumitermg device
20,
Relurring {o FICL 4, the reconstruction ring & 1 &l
vided for scanning and computtianal pizrpore: into
polar coordinate aress callsd voxels. The outarmnost
armutus in the reconstruction ring is called File 1, ang
the mcewsding anmili proceeding inwardly are callsd
File 2, Filc 3, und 5o ov, for whalever namber of annuli
computation is convenient. Each annulus iy divided into
& group of sngular scgments, corresponding o the arew
which is tangentla] ta the x-ray heam during each mue-
cooding step of the stopwise rolation. These angular
seorments are defined as Rank 1, Rank 2, Rank 3, and so
on, for whatever number of angular scgments is conve-
nicnt, A voxcl i all shut part of any ante rank which falls
within any one (ile.

Fit3. 3 shows s flow chart giving thr broad steps
invelvad in carrying out the procedute described
hercin. Each siep is sesorited In mora detail bevainaftar.
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Step B2 in to got artuoustion date from the writitwe re-
gonstruction region of the jtem of interest, Stwp 54 aper-
ates an this stienoxtion dua and convolves the sttenuas-
tion data with an appropriste kemel, Step 56 i to form
a polar recoestruction gid for computarions! parposas
wver the recomafruction region of the objevt. Step 88 is
0 backprajoct the fHltcre? wanular atrenuation data onto
the polar reconstruction grid. Seep 60 noemalismy the
tackprojecied datz. And Snally, step 62 oulpris the
data fram the polar grid i 2 rectangutar array of pixels
{that i, xn the reconstrusted image 6f the resonstruction
region of she ohject).

The explanation hes teashed the stage where 1 more
detafled presentetion of the tepy invelved is appropr-
&8,

Ta use the preient syxem, it I3 first necesmry to gee
the x-ray stienowtion dita from the recatstruction ro-
glon of the object being srudlad, In this process there
muat bo relative movement befween the objest and the
source/detactar system. For thiv discustion it i B
sumed thet she object will be rotated (35 ou » turnisble)
and that tho source/detestor system will remain fized,
but the opposite is alw 3 pomsibility,

Place the odject om » rursmbls which can be roratad
in procise increments. The kocation of the ganter of
eotation of the turnsble must be imown The mme
thing might be done with ¢ standard Cormmponad Tomog-
raphy (CT) scad, and the same caveats sboat precision
of Jocation, hearing, rinowt, etc., apply. Tha sutar ra-
diuy of the raconstruation ring is grven the label R,

A dstector package 10 is placad on 5 laval with the
ciraulur 2ross seation of the objest. Tha dexectors can
be anything witich cen memsore (he intendty of xn x-ruy
beam transmined through the object. 'The datector
package will be plactgd on the oppesiic sde of the object
frout the 3-13y sovrce & The outermost detecrar will be
plsced 50 thur it will detesy z-rays {rom the source
which pass throngh the outer edge of the rewtastryction
ring 4. The innermost detecror measures the anenyation
of x-Tuys passing throggh the object ot & minlmum ra-
dins which Is glven the label r, The width of the recon-
struction ring which b covered by the systern {8 Rwr.
For paralle] x-ray begmms, this is equal 1o L, the ngth of
the detector paeikage For divergens (fan) x-ray beams,
the width of the reconafrection ring (R = r) will be less
1han L. In the present aysam, the wadth of she rocom-
struction ring s moch smaller than the iooer redins of
1he reconsiruction ring l.e. R—r< <, The detactars
ara equally spaced, starring xx the outer portion of the
réconstrociion sing ang gomg Inward. The numbar of
datcetors is given the label N, The width of & detestor
is ghven the label W, uwhersby L=NW.

An 2-ray tomrree is placed on a Jevel with the detec.
nes 1nd ceaters on thmw, The source is placed on the
oppasite side of the object from the detectors, so the
radlation will pass thraugh the reconstrusdon ring of
the object 1o the N equally spaced detectors,

A Gechlon must Bie mode on the numbey of views
which are ta be taken of the cbject, The number of
views iz given the lubel M. If M i& oo small, anly gross
siructures In the object will be resolved in the rezon.
sructed image. As M becomes lerger, the camputs-
tlonz! hurden increptes. If M becomes too large, the
camputational burden increrscy with no sorreiponding
tmpravement i the final reconwtructed nnuge, The
shaice of M mus Sepend UpOn WhHAL iz 1o e viewed, the
vacestary leve] of rerolution, sud the sllowed time for
computarion, No genersf vhoiee ¢un be ghven.

4

Give the amount of angular votatian of (he objact
from ont view to the next the label ¢ Glve the angular
extens of the recomtrucrian ring to be {maged thae Jabel
A. Il the entirg ring is 10 be viewed, then A mdw redi-

§ ams. Jt follown vhat t=A/M. The scction of ths recon.
strucrion Ting from zero radians 1o A radfans will here-
inafter be rafarrad to xx the resoastruction region.

A nariex of doteator readings D wiit be obtained for
anguls? Yo1a5ien view 1, whers { runges fram 1 (the firxt)

1 o M (the Jaat), and for derecior §, where j renges from
| (the ountermost) ro N (the jmmermoat). The detector
teadings will be geatrally labcled Dx The recorded
detzexy readings st be in the sttenvation ine inwgrat
farm, not n che ranmsmittanca form.

1§ ‘When the detector rendSings have beep obtined, they
are convalved with wn apprapriste kernel, in the seme
maanar g3 15 done in wandard CT. There i notiung new
in fhe way #t Js done in the present foveprion

The nsax mep iz 1o foom (Do polar resonsiruction grid

30 over the recomstiuction tegion of the object. Annular
Computed Tawography (ACT) voxels ar¢ scTions of
apnult of the abjzct buing scanned. The outermatt anpp-
lus includes the ouvter boundary of the reconsauction
ting and exlendd inward g distanoe whiah ke called gr,

28 Théa next annvius is insida the inl anoaloy 4nd contige.
ous with It, Jt 2150 extands & dlsiance gr. Confinoe dafin-
ing annmli in the sate menmer untll the sntlre recan-
struction ring is contained in the anculi, Next, slacting st
zere dagramy, dafine comriguous sectary of snguler vize

30 go—ang. The value of go_ang i adjusted s0 that en
imagrul number of comigoous sectors divide the chject.
These sectors divide the annull inte ousr ACT wasels, If
gr or go.qng 13 tao Big, only grom mrucurss in the
ebjest will be resolved In the final reconmrusiad Image.

35 As gr end ge_ang grow rmallar, the computatianal
burden incrvmus, evsually With no corcesponding
improvement in the raconstructed image,

Next it b5 pecetsary 1o adjust the vartables “ranks”
and “files”. Thoe varixble “{iles” is the number of annuli

49 18 the polar reconstruction grid; “files™ muss be an inve-
ger. Bince we do not wish to waste voxals an locations
where no dnta way taken, wi adjust gr 90 that the “fles”
annall exaetly covers the width of the reconstrustion
ring. The width of the resonstruation ring is (R ~1), and

43 when fi s dividad by g7 2 result is ohinined whlch may
not be un infeper. The cefling function Is then ased to
force an inte; remult This cen be written as “Let
fles:ergetting{(R — r)/ge}”. The vilue of “Blzs® is then
wed {o adfust gr; end this con be written ax “Lat

50 pre=(R~-r)/filcs™ The ceiling is used rather they the
floor £p that If gr is chauged by this procedurs, 3t i3 pot
made worse than the value selectad by the user,

Ths varishle “ranks™ is the number of sectors in the
pojar seconyrperion grid; “renks™ thust be an integer. If

35 A (ths angular extent to be viewed) is 2¢ radians, then
we must adjust ge.—ang 10 insure that there iy no overlap
of the voxelx. However, sven if A< 2% radinns, we
wepld not Witk ro waste voxels on Jocationn which will
nol be Imaped, ‘mo we adjust go_pug in any ease, It is

€0 adjusted so that “renke” gastert exactly covars the an-
Eolar estent lo be vicwed. Divige A by ge_sng. and
epply the calting fumction (1o punrantee an infeges re-
sul(). This can be wrinen a5 <Lt ranks: =cefiing {Asg-
c—ang)" Tho valus of “ranks" Is theo used fo adjus!

65 go—ang. Thiz cup be written as “Lat pe—ang=A/-
ranks”. The celling it nzed rather than (he fooe so rhu
if pe_ong s chunged by this procaduore, it iv not made
worsa than the valua selaczed by the peee
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Calculatians arw only camisd out for the eenter of
ench voxal, called a prid point, and the voxals are as-
sumex 10 be srmall cnough that » value at the center will
®e approximately correct throighaut the entire voxel.
‘Tha polar teconttruction grid is reprecentied by the
“ragks™ by ‘“files" arcay of voxcl center polsme. Each
poi is defined by » radius aod an angle. The fivet grid
ponl g_yry 3 hos o rediue gy which Js 0.5 gr lese than
the madine of the object, which oan be writmen “Let
g—rholimR —.0.5%gr"’ and am angle g8; of 0.5 g, which
can be written “Lat g theml:=0.5ge™,

Tha swiculationa for veoxs senier poivits are pades and
recorded while stepping through the “files™ wahies of
gwrhoj or gpy from jee 1 to jwifiles while nested in an-
other stepping seximoe thraugh the “ranks™ values of
Rthexai or g8 from i=1 to Jmranks to cbtain valucs
for each of the grid paints g .pe(i,7) for cach of the ranks
and filax,

It » nest neccmnry o volve, or filler, the artenun.
tion data with an iate kornal. This is oot part of
the present invemtion, It s dose in standacd Compuied
Tomography. 1t iy not necessary to descoibe it furthar in
this spplication.

The next atcp o backproject the fltered snnular
attenuation data onto the polar reconsirixtion grid.
With only one exception, mmuler T buckprejection 4
identical 0 mandard CT backprajectinn. In mandard
CT backprojeciion. one Bnds the fnterscodon of the
deiactar planc with the L gcdingd by s poiot an the
radiation pousce #nd a grid point g.ptyx X this intersec-
tioh poinl lies within the detecior packuge. one uvses
interpolation 1o calenlate the sttennation limt intcgrul as
if 4 detoctor hed beon at the intrscotuon pownt. This
ioterpoiamd sttenaation datum i added to the acoumwn-

. Iating sttenvatdon for thai grid poin. ln sanular OT

there may he DO Bata for a particwlar grid poios in =
partioulay View because (he indersection polont may Ml
ontside of the detector packape. Compentarion must be
doms for this, and wi do %0 in the normalization portion
of the NRow dlagrem.

In the backprujestion, thare is & pop from k=1
k="files"* memed in a Joap Hum j=l1 o jo“‘ranks”
rarted within a loop fram =1 10 i=M, At the contsr of
the inner looys k 4 fancetion to backpraject the data in
view | onto grid polnt g—ptohL).

The ncat s1ep is 10 normalize the rerulting dam. In
thix step there iz & loop running from k=1 to k="'files"
acsted withio s [oup rurning from j=1 o j== “Tanks™.
Inside the inper Toop in a function to count tis numbes
of data polnts backprajected into g.pt(l, k) I the oount
is zero, no Sk ks Been durived for thal grid point. and
the dats value is sof fo scme valuc that s umlikely to
oceur in the final image, such av zevo or 255, depeading
gpon which mukes the [mal recomsirusted inage essiar
1o read, IT ths count is otber than zero, divide the In-
terim data value for gtid point g—pt(ik) by the count
for that point to vbiain & narmalized valuc for that grid
pajat oy compansam for the anejudl namber of back-
projection values for different grid polns in Annular
Cxymputed Tomegraphy.

Instead of displaying the circular form of the anunliva
that ix reconstrocted, dets may be mapped fo 2 rectan-
gurlar grid wicth one axin cepresanting rhe {distance NTom
the conter of the reconsdruction grid elzmernd) and the
other axis representing thets (1he angular pasivion of the
reconstrection grid cement). Thus & narrose anntlar
reconstrucihn cgn be displayed nx 1 long narrow recr-
angle, strigniening the annulvs, but tmaking an ineignif-

13

20
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33

45

»
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icant diffarence n tbe display of eny small segment.
This mapping gives grearer emphasls to circumtarenxial
features, which are normally of the preatess imerest to
inspeactions of chix aatore, Aas grid elomeonis are mes-
sured 1o complete the arc requimed for reconsiruction,
they can bs bmmedistely displeved, hefors sll dew
points heve boen onllacted, The reesastrucied dam can
be dizplayed on the image maonltor and can be moved
across the monitor for human inspection as nut‘l'ldant
date is obrained for cach portion.

Thete arc possible altermatives to rthe system Jda-
serited above. The AT seronstruction gxid Js in e
polar conrdinave ancaults, This makes the voxal xizn of
the clemenns wary with radial change Changing the
g4 30 thet the e sze bs mey fmprove
resolution of femtures furthes: from the cxmier of the
grid. Reconatrctions cao bo made from two dirmen-
sional date sets, such as film xzays or ra#\ckccpx: im-
nges. By taking into ths of tho
x-ray baam, thexe {magre can he used w0 mnk: 2 aenck of
reconstructions covermng « large vertical distance.

We clatm:

1, A mcthed of condusting compased romography
exsminmion of en annulus of intorest in an objocs, wid

having » radial thickness which is substantially
shorter them {m redive, while igeoring the sorc of the
object, the redjus of the asmalux deffwing, in rotagioa, 2
plane, comiprising the ateps of

. passing 2 group of x-ray boxms in mad plane
throvgh the objent,

b detecting the atemuation of €ald x-ray bezms at an
uwrray of ponts v wid plane efter the a-ray bewoms

 have poised timoagh the annulus of intoacst, the
array of points earending acvoss the paxh of the
a-ray beams for a distance solmisgtiafly shorer
thmn said radios,

¢. causing stepwnise relalive rotationsl motion be-
tween 1he x-Tay bewrris and the ohjeor,

d. rucording dsta defming suid sitenuarion for esch of
the points lo said array of poine for sa2oh step of
said stepwise revtational mergion,

& backprojecting the recorded sttemertion dara anto
a% ALray &erxﬂng a receriad interim reconstrusied
unage, and

. varkliving the sarray defining the intefim recon-
structed fmage to companmits for the verging puom-
bar of itamns of resorded attennation data vasg in
vonstrusting the imvterim image by backprojection.
thureby to generem the fun) reconstructed image.

2. A method accosding 10 oluim 1 wherein the xray
beams pass dlong a fised puth, mnd the step af cauring
rtepwise yolative rotations! motion betwoen the x-r-y
bexme and the object is cavsed by rotating the objoct in
stens of squsl angutar plze.

3. A method according to claim 2, further comprising
the use of an array of equally spaced getzelors to detect
the atlemmtilon of the a-rwy boams al anid army of
poOIALE.

4. A maihod according o olaim 1, wherein the step of
nounslizing the array is cardad oul by countlag the
aumber af times recordsd information ia ued by beck-
projection in detlving (he data in ench grid point in the
reconsiructed image. and dividing the interim value of
the reconstructed Image in earh prid point by sald pom-
Der of timici to derive a value in the final recnngrruected
Imuge, and further, for grid polnts where aaid sumber of
timcs is 2ero, wsigning thass grid point a value In the
final reconstrocted image which is uniformly of a pas-
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tieuler value ualikely 1o otherwise dteur in the finel
image,

E. A system for conducting compured womeogtsphy
exwningtion of an arpulpy of Interest i an object, smid
annwulug having » radial thickness which is sutatantially
shortor than s radios, while ignoring the core of e
object, the radfus of the snnulus definfng, in rotation, &
plene, comprizing the steps of

2. an xawy soures dirceving & gooup o 1-ray besma in

said plane through the object,

®. an Rvey dsector sircated t datect the attemastion

ot said x.ray beams at an arzzy of pointa in said
plane afiac the atwy beams bave pemcd through
the sorulus of inmrwst, the arrsy of poiaw covered
by the array defecior exlending across the path of
the z-rey beams for a disance subvantially shorter
than said radivs,

©. v siepwite rotator prafucing stepwite refativa rota-

tional mation betwesn the x-ray beams end the
object,

d. & data recorder for moring the data defining said

attenustion for axch of the pointe b 2218 array of
* points Jor cueh step pf salg siepwise rotatiensl
Do,
¢, computer meens far backprojecting, the recorded
aftanuarion duta onlod an urray definmg a recordad
interivo reconstnceed. image, and

in

b1

20

25

30

is

55
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8
. additiona]l computer mesns for netwaliving the
srmy defining the interira reconsiiaed image @
compensie for the varying number of items of
recordad mitenuntion dawa Uscd in consurusing the
trterim image by bickprojaction, thaexby (o geners
wiz thz final reeonatructed imags, and

£ monitor menns for viewing the fing) reconstructed

imaga. : ’

6. A gystam aceording w ciaim § wherein the X.ray
bezms pass siong & fixed path, and the stepwise yotawr
ratata the object in steps of eqvel angular sizve.

3. A system pocowiing to clum 6, whereln the array
datector comprises sn mray of equally gpaced detectors
0 detent the attemvartion of tha x-ray beams stawid array
of paints. .

8. A gyrtem accarding to elaim 5, wharein the addi-
tional computer mexns for normalizing vhe arvay com.
prises means for counting the number of times recorded
information is used by backprojention in dariving e
dage in each grid point in the reconstructsd Image, and
means for dividing Lhe inretim value of the recon.
structed image In each grid point by said number of
times 4 Gerive @ value In the flaal scconstructed image,
and the additians] computer mesn ficther comprising,
for grid pein> whare maid pumbcr of times 3 2erq,
meune for assigning thoss grid pointe 2 valus in the finxl
secomarucied imege which it uniformly of ¢ pagticnlar

value unlikely 10 athesrwins ossur in the faxl anage.
® % F B ¥
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